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We derive a factorization formula for the double Drell-Yan cross section in terms of double parton
distribution functions (dPDFs). Diparton spin and color correlations and parton-exchange interfer-
ence terms contribute, even for unpolarized beams. Soft radiation effects are nontrivial for the color
correlation and interference contributions, and are described by non-perturbative soft functions. We
provide a field-theoretic definition of the quark dPDFs and study some of their basic properties, in-
cluding discrete symmetries and their interpretation in a non-relativistic quark model. We calculate
the renormalization group evolution of the quark dPDFs and of the soft functions. The evolution
receives contributions from both ultraviolet and rapidity divergences. We find that color correlation
and interference effects are Sudakov suppressed, greatly reducing the number of dPDFs needed to
describe double parton scattering at high energy experiments.

I. INTRODUCTION

In high-energy hadronic collisions, one parton from
each hadron can collide via a hard interaction to produce
a final state with a large invariant mass. The classic ex-
ample of such single parton scattering (SPS) is Drell-Yan
production, p;+p2 — ¢1¢~.1 In some hadronic collisions,
two partons in one hadron can have simultaneous hard in-
teractions with two partons from the other hadron. This
process is called double parton scattering (DPS).2 A rep-
resentation of DPS in space-time is shown in Fig. 1. DPS
was first considered in Ref. [1-4] and was subsequently
studied in the context of jet production [5-7], double
Drell-Yan [8, 9] and W+jets [10]. Two examples we will
study are double Drell-Yan, p; + pa — £ €1 (3¢5 (where
¢1 and ¢y could be the same flavor), and same sign W
pair production, p; +ps — WHTWT.

DPS is higher twist, i.e. it is suppressed by order
A%op/Q* compared to single parton scattering (SPS),
where @) is the scale of the short-distance interactions.
Heuristically, this arises because the two partons which
collide in the second hard interaction have to be within a
transverse area of order 1/Q? of each other, whereas they
could each be anywhere within the incoming hadrons (of
transverse area ~ 1/Ap).-

Experimentally, DPS has been studied in four-jet
events by the AFS collaboration [11] at /s = 63 GeV,
the UA2 collaboration [12] at /s = 630 GeV and the
Tevatron [13]. At the Tevatron, DPS has also been stud-
ied in v + 3 jet events [14, 15] and there is an analysis
using early LHC data for DPS in W + 2 jets [16]. In

1 We will denote the beams by their momenta p1,2, without spec-
ifying the hadron. The most common cases are pp collisions
(Tevatron) or pp collisions (LHC).

2 At the Tevatron and LHC one needs to be careful to distinguish
double parton scattering from pile-up, i.e. two single parton scat-
terings involving different pairs of hadrons during the same bunch
crossing, since this would produce a similar signal. Separating
the two relies on identifying the vertex of the hard collision.

these experiments DPS is quantified using an effective
cross section oo, defined in Eq. (5). The measured val-
ues of oeg range from 5 to 15 mb.

DPS is an important background for light Higgs
searches in the channel pp — WH — fvbb [17-20]. A
clean channel for studying DPS at the LHC is provided
by same-sign lepton searches, i.e. via p; 4+ ps — WTW+
with W+ — £, since SPS is suppressed [21-24]. The
maximum incoming partonic charge in SPS is +1 from
ud, so the conservation of electric charge requires the
presence of at least two additional jets in the final state
via ud — WHWaud, leading to a large suppression of
SPS by [/ (47))?[cvs/ (4)])? relative to single Drell-Yan.
There is no corresponding suppression of DPS, which can
proceed via uudd — WHW+. After typical cuts the DPS
cross section is of fb order [23, 24|, making it more of a
long-term goal at the LHC.

In the original DPS formalism, the cross section is de-
scribed as [5)

1
do = g E /d2ZJ_ Fij(x1, 20,2, ) Fri(xs, v4,21, 1)
1,5kl

Xk (T123/5, )G j1(T2TaV/5, 1) - (1)

Each incoming hadron is described by a double parton
distribution function (dPDF) F' and the short-distance
processes are described by partonic cross sections &, in
analogy with SPS. Fj;(z1,22,21) is the number den-
sity for simultaneously finding two partons with flavors
i,j = g,u,U,d,..., longitudinal momentum fractions
r1,To and transverse separation z, inside the hadron.
Our convention is that in formulee such as Eq. (1), the
first (second) dPDF is for the beam with momentum p;
(p2). The 6, (x123+/5) is the partonic cross section for
partons i, k going to the desired final state. S is a sym-
metry factor that can arise if there are identical particles
in the final state.



FIG. 1. Double parton scattering in space-time. The two
hadrons have transverse size of order 1/Aqcp and longitudi-
nal size of order 1/(yAqcp), where v > 1 is the boost. The
two hard interactions are shown by black dots. They have
longitudinal and time separation 1/(vAqcp), and transverse
separation 1/Aqcp.

FIG. 2. Double PDF's in momentum space (forward diagram).

The dPDF in momentum space is defined by?
Fij(z1, 22,11, 1) :/dQZLe%U'ZLFM(IhIQ,ZL,#) (2)

It should be clear from the context whether the third
argument refers to position or momentum. The dPDF
in momentum space is shown in Fig. 2. The figure also
shows that the dPDF is not the squared absolute value
of an amplitude, since the partons on the two sides of the
cut have different momenta.

It is commonly assumed that the dependence on the
transverse separation is uncorrelated with the momen-
tum fractions or parton flavors,

Fij(x1,29,2., 1) = Fij(x1,z0, p)F(z1,pn).  (3)

3 We follow the convention of Refs. [25, 26], where r is a trans-
verse momentum, not a coordinate.

In addition, a factorized ansatz is made

Fij(x1, 22, 1) = fi(w1, 1) fi (22, 1) 9(1*501*172)(1*11*(952)) ;

4
where f denotes a single PDF and the last factors
smoothly impose the kinematic constraint z; + x5 < 1.
For small momentum fractions 1 —x; — x9 ~ 1 these fac-
tors can be neglected, and the cross section in Eq. (1)
becomes

o= Z i Jﬂ, Oeff = [/dzzl F(ZL,#)Q] 71- (5)

igkl S oo
The effective cross-section is a measure of the area of the
proton ~ 1/Agcp, consistent with the fact that DPS is
higher twist.

The expression in Eq. (1) is an example of a fac-
torization formula, where the hadronic cross-section is
written as the convolution of hard-scattering partonic
cross-sections which are target-independent, and non-
perturbative distribution functions which depend on the
hadronic target. We will see that there are several impor-
tant modifications to the naive expressions above. In par-
ticular, the product forms of Eqs. (3) and (4) are spoiled
by QCD radiative corrections. There are also several
different spin and color structures that enter the factor-
ization formula, even for unpolarized beams [25-27].

In processes such as double Drell-Yan, one can mea-
sure the invariant mass and transverse momentum of each
lepton pair. Double Drell-Yan can arise from a double-
parton process, (¢qq — v*) + (¢g — ~*). The transverse
momentum of each incoming parton is the intrinsic trans-
verse momentum of a quark in a hadron, and is typically
of order Aqcp. Double Drell-Yan can also arise from a
single parton process such as (g — ¢q) + (g — qq) where
a quark from one gluon and an antiquark from the other
gluon annihilate into a virtual photon. In this case, the
transverse momentum of the quarks (and thus the lep-
ton pair) can be of order the hard scale Q. There is an
inevitable overlap between the SPS and DPS contribu-
tions to a physical process such as double Drell-Yan in
the region where the transverse momentum of the lepton
pair (not the individual leptons) is small. The total SPS
contribution to double Drell-Yan is leading twist, but the
contribution to the small transverse momentum region is
A% op/Q? suppressed (because it is a fraction AZqp/Q?
of the total phase space) and is the same order as DPS
in this region (see e.g. Ref. [28] for a more detailed dis-
cussion).

In light of the above discussion, observables that are
sensitive to the regions of phase space where SPS and
DPS are of the same order, are used to separate SPS
and DPS contributions [29]. In a recent analysis by the
Atlas collaboration [16], DPS was studied in pp — W 42
jets, for a leptonically decaying W. The normalized total
transverse momentum of the two jets, Al = [p11 +
p21|/(lp11] + |p21]), was used to separate DPS from
SPS, and is shown in Fig. 3.
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FIG. 3. Extraction of the double parton scattering contribu-
tion to pp — W + 2 jets by the Atlas collaboration [16]. The
extraction is performed by comparing the observed spectrum
of the normalized total transverse momentum of the two jets
Afts = [P1L+p21|/(|P1L| 4 |P21]) to templates for SPS and
DPS obtained from Monte Carlo programs. (ATLAS Experi-
ment © 2012 CERN.)
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FIG. 4. Mixing between the gluon single PDF and the gg
double PDF.

The dPDF is a new non-perturbative object. It
has a renormalization group (RG) evolution similar to
that for the conventional (single) PDF. The evolution
of Fjj(x1,z9, ) was determined a long time ago in
Refs. [30, 31]. It has recently been extended to include
the z, dependence [25, 26]. The RG evolution for the ¢g
dPDF is

d _ a,Cr dz T To
M@FQQ($1;x27rlau> - {lgg/7 |:qu(7)qu(2,$271‘¢,#) + qu(?>Fq1<xl7Z7rluu>]

P
+qg 1+ o

where P denotes the usual PDF splitting functions. The
first two terms describe the independent evolution of each
of the partons with the standard (single) PDF kernel.
The second line is the contribution of the single gluon
PDF feeding into the dPDF via g — ¢g, shown in Fig. 4.
This term has no r| dependence, and leads to a r; inde-
pendent contribution to F(x1,x2,r, 1), or equivalently
to a 0 (z,) contribution to F(x1,29,2,,u). This -
function in transverse position space leads to a divergence
in the cross section Eq. (1), as discussed in Refs. [25, 26].
The resolution of this singularity is related to the issue of
double counting between SPS and DPS mentioned ear-
lier, and will be discussed in a subsequent paper [32]. The
double-counting problem only enters through the mixing
between single and double PDF's, which we therefore also
postpone to Ref. [32]. The factorized form in Eq. (4) for
the dPDF is not preserved by the evolution [33, 34]. Sum
rules for dPDFs were derived and used to find a new
ansatz that satisfies the evolution equation reasonably
well [35].

In DPS, the two partons extracted out of the proton
can be correlated in spin and color, as was first dis-
cussed in Ref. [27]. These correlations are not present
in phenomenological models and were recently revisited
in Refs. [25, 26] for transverse momentum dependent
dPDFs.

T )fg(ﬂfl +$27M)}7 (©)

1+ o

In this paper our main focus will be on formulating
the QCD factorization theorem for double Drell-Yan and
related processes in terms of dPDFs, and on studying the
RG evolution of color correlations in quark dPDFs. We
find that the color-correlated dPDF's contain rapidity di-
vergences, which are tied to the presence of large rapidity
logarithms of r2 /Q?. We will treat the rapidity diver-
gences and resum the corresponding series of logarithms
using the recently introduced rapidity renormalization
group [36, 37]. We find that the effects of soft gluon ex-
change do not cancel for the color-correlated dPDF': the
color-correlated dPDF's contribute to the cross-section in
combination with a non-perturbative soft function. The
RG evolution shows that the color-correlated dPDF is
Sudakov suppressed, in agreement with Ref. [38]. In ad-
dition, we will also study the interference contributions
such as shown in Fig. 5, which were first considered in
Refs. [25, 26]. We find that all interference dPDFs are
Sudakov suppressed. These conclusions greatly reduce
the number of possible parton distributions that con-
tribute to DPS at high energies. There is significant
overlap of Secs. IIT and IV with the topics covered in
a recent paper [26] which appeared while this work was
in progress. Ref. [26] focuses on double parton scattering
where the transverse momenta of the final state particles
are measured. The evolution of the standard dPDFs,



FIG. 5. Interference contribution to DPS. Note the orienta-
tion of the fermion lines.

which we calculate in Sec. V, differs from the evolution
of transverse-momentum-dependent dPDFs obtained in
Ref. [26]. This is similar to the situation in regular Drell-
Yan, which is described by PDFs if the lepton transverse
momentum is not measured (or integrated over), and by
transverse-momentum-dependent PDFs if it is. The two
are not simply related to each other, because they are
renormalized differently.

In Sec. II, we discuss the phenomenological aspects
and implications of our results. The remainder of the
paper contains the more technical aspects of our work.
We present a systematic derivation of the factorization
formula for the DPS contribution to double Drell-Yan
production in Sec. IT1, after reviewing the steps that lead
to the well-known factorization theorem for single Drell-
Yan. In contrast to Eq. (1), we will include spin and color
correlations and interference contributions, which natu-
rally arise. In Sec. IV we define the quark dPDF, classify
its spin and color structures, study its properties under
discrete symmetries and give an interpretation in the con-
text of a quark model. The calculation of the RGE for
the quark dPDFs and the corresponding soft functions is
given in Sec. V. It includes a brief introduction to the
topic of rapidity divergences and the technology of the ra-
pidity renormalization group with explicit examples. All
spin and color correlations as well as interference effects
are considered. We conclude in Sec. VI.

II. PHENOMENOLOGY

In this section we give an overview of our work and its
phenomenological implications. The technical details can
be found in the remainder of the paper. As mentioned
in the introduction, spin and color correlations can ap-
pear for DPS. Already in SPS there are different spin
dependent quark PDFs. For example, the polarized dis-
tribution function Ag(x) measures the number of right
minus the left-handed quarks with momentum fraction
x, i.e. the longitudinal polarization. It contributes to
the polarized structure function g;(z) that is measured
in polarized deep-inelastic scattering. The transversity
distribution hi(z) measures the transverse quark polar-
ization dg(x). It is a chiral-odd distribution, and does

not contribute to polarized deep-inelastic scattering, but
does contribute to polarized Drell-Yan with transversely
polarized beams [39, 40].

The quark spin in a proton is correlated with the
hadron spin, so that both Ag(x) and d¢(z) vanish for un-
polarized proton targets. By contrast, in DPS the spins
of the two partons can be correlated with each other,
and so nontrivial spin structures exist even if the proton
is unpolarized. In addition to the usual unpolarized dis-
tribution Fyq, there are Fagaq, and Fiq54, which measure
longitudinal and transverse spin correlations between two
partons. Figsq is chiral odd in each dg, but has overall
chirality zero. The dependence of the dPDF on z, al-
lows for several more spin structures, but these do not
contribute to the cross sections we consider.

In addition, dPDF's can also have color correlations
which have no analog in SPS. The regular quark PDF
is (schematically) the hadron matrix of the quark bilin-
ear qq. For dPDFs, there are two possible color struc-
tures gq gq and gT4qgT*q. Both objects are overall color
singlets, but they give information on parton color cor-
relations in the hadron target. We will refer to 1 ® 1
and T4 @ T4 as the color-summed and color-correlated
dPDFs. The two operators can also be written as lin-
ear combinations of gggq and g%gs 7%, which can be
thought of as color-direct and color-exchange contribu-
tions.

Two quarks can be in a 6 or 3 color representation,

which contribute to two different dPDF's Fq(g ) and Fq(qg),

measuring the color 6 and 3 diquark distributions. In
terms of the Gqgq and g7 4qGT*q basis,

1 _ 6 3

F,, =6F{ +3Fy

qq

T 6 3
FI=4F©® - FY), (7)

where F,, is the color-summed dPDF (1 ® 1) and F, is

the color-correlated dPDF (T4 @ T4). (The factor of 4
on the second line is due to an arbitrary normalization.)

Since F. (?q and F) gq are proportional to the probabilities to

find diquarks in a color 6 or 3 and are positive, Eq. (7) im-
plies —4Fqlq/3 < F;‘Z < 2Fqlq/3. Similarly the ¢g dPDF's
F qlq, F% measure the singlet and octet g distributions.
The complete classification of dPDFs in terms of spin and
color structures is discussed in Sec. IV A. Fqlq and FqTq
evolve differently with energy, so the color correlations
are energy dependent.

In addition to spin and color correlations, there are
also interference contributions to the cross section, an
example of which is shown in Fig. 5. The interpretation
of this as an interference contribution becomes clear in
the context of a non-relativistic quark model, as discussed
in Sec. IVD. There we find that the regular dPDF Fig

and the interference dPDF Iz are (roughly) given by

Fg ~bq(k k2)[*, Iz ~ baq(ki, k2)" bgq(k1, k‘z)E :

8

where ¢ is the qg wave function and %k and ko are the
momenta of the quark and antiquark. The interference



dPDFs do not have a nice probabilistic interpretation.
Whereas regular dPDFs F(x1,x2,2z,) are positive (or
real, in the case of spin and color correlations), the inter-
ference dPDF does not even have to be real, as we argue
in Sec. IVC. Only the contribution of the interference
dPDFs to the cross section is real. In Sec. IV C we also
discuss the properties of dPDFs under discrete symme-
tries. For example, charge conjugation invariance leads
to Fuq/p = Fﬁ /P where the spin and color structures

J

doPPS dra?@Q?\2 1
3 5 = ( q) 5 /dQZL [(
dgy dY7 dgs dYs 3N.s / qiq5
n 2N,
Cr

match up on both sides of this equation.

To see how spin and color correlations and interference
effects contribute to the cross section, requires a refine-
ment of Eq. (1). In Sec. III we systematically derive the
formula for the DPS cross section for double Drell-Yan
production, which results in the following leading-order
factorization theorem

Fqqu% + FiquFiﬁAE) + (FlfFl + FiqAEFiﬁAq)]

99" qq

[(FLFE+ FAungFRgag) + (FogFa + FA ngFAgag)] S™F

99" qq

1
5 | (T + Thaag) Uty + Thgag) + TizsyThosa| ST

5

Cr

Here ¢? and Y; are the total invariant mass and rapid-
ity of each lepton pair, and @ is the quark charge. We
suppressed the arguments of all functions in Eq. (9) for
brevity. The arguments of the dPDFs are the momen-
tum fractions and transverse separation z,, just as in
Eq. (1). In addition to the dPDFs, the last four lines
involve soft functions S, describing the effects of soft ra-
diation. The soft functions only depend on the large z
separation, since soft radiation does not resolve the short
distances associated with the momentum fractions. The
second line of Eq. (9) contains the contribution from color
correlations and the third through fifth line contains the
interference contributions. Eq. (9) agrees with the terms
in the factorization theorem presented in Ref. [26] that
were explicitly written out. The analogous expression for
the cross section for WW production in terms of double
PDFs is given in Sec. IITC.

The position space dPDF F(z ) is dimension two, and
of order Ajcp. The momentum space dPDF F(r,) is
dimensionless, and of order unity. The dPDF terms in

Eq. (9)
N/dzzLF(zL)F(zl) (10)

are of dimension two, and order A%)cp, since the z, in-
tegral produces a 1/A%cp. This shows that the dPDF
cross-section is Agcp/Q” suppressed.

Clearly the large number of functions that appear in
Eq. (9) is worrisome for the prospect of measuring them
in experiments. The good news is that color-correlations
and interference contributions are Sudakov suppressed at
high energies, leaving only the first line of this equation,

Ig:] + ]ZﬁAq)(I;G + quAﬁ) + Ig%(sqlgqﬁﬁ + (1 A T):| S?I

N _
4G (08 + Ths ) (U + Thyse) + T | ST + 0 ). 0

(

which is one of the main conclusions of our paper. The
Fs45¢ dPDF does not enter in the leading order expression
in Eq. (9).

Intuitively, the Sudakov suppression of color-correlated
and interference dPDFs can be understood as a conse-
quence of long range (z, ~ 1/Aqcp) color correlations.
This is illustrated in Fig. 6, where the color flow is shown
for both the color-summed and color-correlated dPDF. In
Fig. 7 we show the color flow for the interference dPDF's
I' and I”, which both involve long range color correla-
tions. While color is conserved in the hadron matrix ele-
ment, the color-correlated and interference dPDFs move
color a distance of order 1/Aqcp within the hadron.

More formally, the Sudakov suppression follows from
our study of the anomalous dimensions of the dPDFs
and soft functions in Sec. V. In the remainder of this
section, we summarize our results for the RGE evolution
and Sudakov suppression of F'7. Similar results hold for
the interference dPDF's, and are presented in Sec. V.

At this point we need to briefly discuss rapidity diver-
gences, which we encounter in our calculations. These
divergences cancel between the soft function and dPDFs
and are thus absent in the cross-section. However, they
need to be regulated and there is a corresponding series
of large (single) logarithms that needs to be summed for
reliable predictions. We achieve this using the recently
introduced rapidity renormalization group [36, 37], whose
workings are similar to that of dimensional regularization
for UV divergences. Just as 1/e UV divergences lead to
a {1 anomalous dimension, 1/n rapidity divergences lead
to a v anomalous dimension. The new renormalization
scale v is then used to sum the rapidity logarithms. (An
introduction to the rapidity renormalization group and



®
®

/®

®

//®

FIG. 6. Color flow in the color-summed dPDF Fqlq and color-
correlated dPDF FqTq. The vertical separation of the vertices
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FIG. 7. Color flow in the interference dPDF's I;a and IqTq.
Both have long-range color correlations. The vertical separa-
tion of the vertices ® is z .

sample calculations involving the rapidity regulator are
provided in Secs. VA and VC.)

The anomalous dimensions for F7 and ST are calcu-
lated in Sec. VB and Sec. V C and are given by

T as(p) 1 v 3
Y, - {(C'F 20A> qu(xl)—i-C'A(lnpl_ +4)

x§(1 — 331)} 6(1—2)0P(r )+ (1 2),

FT Oés(/,L)CA 1 1
v, =- — 0(1 —21)0(1 — z2),
e,
T 2048 C 2
v = %ID%(S(Q)(I‘L),
TT 205 ()Ca 1 1
s
45T = - : 11
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FIG. 8. Natural scales of the dPDF F' and soft function S.

written in terms of the usual (one-dimensional) plus dis-
tributions

0w —¢)
e %IL% " +0(u—¢&) Ing|. (12)
In Eq. (11) we explicit showed the dependence on all
variables, where a d(1 — x1) or §)(r,) means that the
evolution does not affect the z; or r; dependence, re-
spectively. From Eq. (11) we read off that the natural
scales for FT are (up,vr) ~ (Jro|,p7) ~ (A, Q) and for
STT are (us,vs) ~ (A,A). A is a scale of order Aqcp
which we take to be 1.4 GeV in our numerical analysis.
By evaluating F7 and ST7 at these scales, and running
them to a common scale using the u and v RGE, the
large logarithms in the cross-section are summed. The
natural scales and our running strategy are summarized
in Fig. 8. As we mentioned, the rapidity divergences, and
thus the corresponding v evolution, must cancel between
the dPDFs and the soft function. Indeed,

T4 5 )i —m) =0, (13)
which provides a consistency check on our calculations.

We will now show that the contribution of the color-
correlated dPDF to the cross section is Sudakov sup-
pressed. For both FT and ST, i ~ A is their natural
scale, from we simultaneously evolve them to the hard
scale p = ). Combining the p-evolution of the dPDFs
and the soft function, we find

VB oSS - 20)8(1 — )

1
2
=2 { <CF10A> P,y (1) +CA(1H“+3)5(1;U1)}
™ 2 e |28 4

x6(1 — 29)0@ (ry) 4 (1 ¢ 2) (14)

for each dPDF. The p anomalous dimension has an in-
teresting structure. The z-dependent piece is the usual
splitting function, but with a modified color factor of
—1/6 rather than 4/3, so the a-dependent part of the
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FIG. 9. Comparing the z-dependent part of the evolution
of F! and FT assuming a common initial PDF. The three
curves correspond to the initial PDF at y = 1.4 GeV, and the
evolution of F' and F7 to u = 100 GeV.

anomalous dimension can be interpreted as a slow “re-
verse” evolution due to the change in magnitude and sign
of the color factor. The effect of this reverse evolution is
evaluated using HOPPET [41] and shown in Fig. 9 for
a sample initial PDF. It would be interesting to see this
effect experimentally.

There is also the second term in Eq. (14), which is a-
independent and thus does not change the shape of the
dPDF. Its evolution (combining both dPDFs) from a low
scale A to the hard scale Q ~ Q1 ~ Q2 is given by an
overall multiplicative factor

~ a.C 2

08, Q) = exp (= “- 4 w? %) . (15)
at leading-logarithmic accuracy. Color correlations are
thus Sudakov suppressed and can be neglected for @ >
A. Eq. (15) agrees with Ref. [38], which arrived at this
conclusion by studying the color factors in the real and
virtual Sudakov form factor. Ref. [38] did not attempt
to factorize the cross section and does not discuss the
interference case, which we find is also Sudakov sup-
pressed. The effect of the Sudakov suppression is shown
in Fig. 10 at next-to-leading-logarithmic accuracy and
taking the running of a, into account [which was ne-
glected in Eq. (15)].

We also need to perform the v-evolution to sum the
rapidity logarithms. In Sec. VD we calculate the evolu-
tion kernel U,. We estimate the effect of the v-evolution
on the cross section by (schematically)

o~ /d2pLd2QLd2SJ_FT(PJ_7VF)FT(qJ_7VF)
(*pl —qL — 84, Vs)

pL|<A
~ / dZPLUV(pJJQvA) ) (16>

xU,(si,vp,vg)STT

Here we assumed that FT and STT have a width of order
A at their natural scales vp ~ @, vs ~ A. In Fig. 10 we
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FIG. 10. The Sudakov suppression factor with and without
rapidity resummation, running from A = 1.4 GeV to Q. The
evolution kernels U,, and U, are discussed in the text.

FIG. 11. Drell-Yan production, p; + pz — €707,

take A = 1.4 GeV, and normalize our above estimate for
the effect of the v evolution such that it is 1 when @ = A.
The resummation of the rapidity logarithms increases the
cross section, as shown in Fig. 10. However, it is only
a single-logarithmic series and thus has a smaller effect
than the Sudakov suppression. At high energies the first
line in Eq. (9) thus dominates.

III. FACTORIZATION THEOREM AT
LEADING ORDER

This section discusses the factorization theorem for
DPS. We start by reviewing the usual derivation of the
factorization theorem for single Drell-Yan, and then re-
peat the analysis for double Drell-Yan. Other derivations
of factorization for double parton scattering have been
presented in Ref. [26] and for scalar partons in Ref. [5].

A. Single Drell-Yan

The single Drell-Yan process is shown in Fig. 11. The
Drell-Yan cross-section is

1 1 1 d3ky d3ks

do = — [a*
7T 2E,, 2E,, tra / 1 2r)32Ey, (2n)32Ey,

(17)



(2m)2 6@ (¢ — k1 — k2)6™W (¢ + px — p1 — p2) Z |A)? The hadronic amplitude is shown in Fig. 12 and is

2m)*6W (g + px — p1 — p2) M
where the sum is over hadronic final states X. The mo- . 4 gz "
menta are shown in Fig. 11. The amplitude for leptons o /d z e (X]JH(2)|prp2)
produced through a virtual photon is ) )
/d4z 6107 iz (P1+P2—px) (X|J*(0)|p1p2)

A = —ieu(ki)y"v(ks) _;f;‘” iQq (X|J"[pp) , (18) = (2m)*6™ (¢ + px — p1 — p2) (X[J"(0)|p1p2) - (22)

where @), is the electric charge of the quark. Performing The hadronic tensor can thus be rewritten as

the sum over the lepton spins HM — Z(Qﬂ)ﬁl(g(‘l)(q +px — p1 — po) MY MY
X
U kl ")/MU k'g U kz ’y”u kl iz v
2 @by vlh) o(h)y"u(l) = [atse =l @) . (29
=4 (K'ky + kb kY — g"" k1 ko) | (19)
such that
and the leptonic phase-space integral B Ama?Q? [ diq 1d" .,
g = 4H,u1/(plap23(Z)72 ng .
a3k, A3k W 3s ) (2m) ¢\ q
2m) 0 W (g — k1 — k
/ G 2Er, @r2E,, 20 @k = k) (24)
x4 (KV'EY + kS EY — g" k1 -ka) The hadronic matrix element separates into two PDF's.
, It will be convenient to use light-cone coordinates where
= on (q 7" —qg" ) ) (20) p1 is in the n direction and ps is in the 7 direction, such
that p; = n-p; and pér = n - po are large. Explicitly,
leads to n* = (1,0,0,1) and 7" = (1,0,0,—1) for beams along

the third spatial direction. We find it convenient to use

4Q2 4 () the same indices for both spin and color, where ~/; is
do = 197s /d q 9 (q¢+px —p1—p2) (21) dqp for the color indices, to reduce the number of indices.
1 /qtq” Since we do not observe the transverse momentum of the
X Z <pp|J;HX> (X|J,|pp) qj( 2 — g’“’) . lepton pair, we can integrate over q,
X

d2 LV d2 —izTq™ /2—iz" iq| -z o o
[ Gt =t [ Gy [t e s U T OO rr)

— ity [ I T 20 ) (il () B0V pap) . (25)

At this point, one can contract the fields with the states in different ways. The momentum of the current at the
point z, which by momentum conservation is equal in size to the momentum of the current at 0, has large — and +
components. Thus one of the fields at z and 0 must be contracted with p; and the other with po. Furthermore, quark
number is conserved, so one cannot contract two 1 fields with p;, etc. There are two possible contractions which
remain. The first one is

42 dztdz—d2 o e — —
[ G =it [ ST e R ) (5, (a0 ) (i (2T O) )

2

defda™ g jaoia- e - v
it [ T T i, (4,0,0L)0a(0)l) (el (0,2 0L)lpe) B.00)

2

8]\?2 'Yab%d %da%bc fq( )fq( ) 27;\[ (n*n” +n'nt —2g"") fq( )fq(p2 ) . (26)

2 Dy

(

To derive the third line we note that z* ~ 1/¢T ~ 1/Q, the fourth line we have used the definition of the PDFs,
whereas the dependence on 2z~ (z™) of the matrix element
of is slowly varying and may be set to zero. In dzt - —

pr ) sty g ey [ e W OO



BB - D)D)

202 2 4 4
(27) do = 28(47Ta Qq) / Al d7g H;wozﬁ
3s (2m)% (2m)4
. . R 1 /¢tqY 1 /q8q?
The Wilson line W (2T) goes to infinity and ensures gauge X — ( 1 21 _ ng) = ( 2 2 gaﬁ) . (31)
invariance, but was not written explicitly in Eq. (26) to ar N 4 4 N 493

avoid cumbersome notation. In momentum space the

- SEERE where the factor 2s ensures that we only count the flux
Wilson line is given by

factor once. For simplicity we will for now assume iden-
tical quark flavors. The hadronic amplitude is shown in

—g
W, = [ A= (0 ] , 28
> e [5E4:0) (28)
P q Px
where n denotes the direction of the energetic radiation.
Combining Eq. (27) with Eq. (24) yields the familiar
result
P1 P2
do 1 do
=- 29
dg2dY 2 dq¢®dg3 (29)
dra? Q2 FIG. 12. Hadronic amplitude for single Drell-Yan.
= WQQ;I [fq(z1) fa(z2) + fa(xr) f(z2)], Fig. 13 and equals

2m)*0@ (g1 + g2 + px — p1 — po) MY (32)
where we included the additional contribution to Eq. (25) _ 4. 4. igrezi+ige-z v B
from the second contraction with v <> 1, which ex- _/d a1 dzy T (XT{Y (21) 05 (22) }p1p2)
changes the quark and antiquark PDFs. Here z; are the ) ) )
momentum fractions and Y is the total rapidity of the  and the corresponding hadronic tensor is

lepton pair,

q 3 p
- 2 + [2 ! X
T = q—_ = q—ey, T2 = qj = q76,Y. (30)
by $ V%) s
B. Double Drell-Yan
P1 P2

The leptonic amplitudes for double Drell-Yan are iden-
tical to that of single Drell-Yan, so the cross section is

J

FIG. 13. Hadronic amplitude for double Drell-Yan.

HMoP = Z(QW)45(4)(Q1 + o+ px — p1 — p2) MY MY
X

= / dizy d*zy dhzg et 0205 () TEI (20) I8 T (20) }O{TY (2) TS O) Y pap) - (33)

We now follow similar steps as for single Drell-Yan in order to factor the hadronic matrix element into dPDFs. The
transverse momenta of the lepton pairs are not measured, so we can integrate over qi,,q2,

2 2
d*qi1 d®qay FHves — 1 dz+dz_dz+dz_dz+dz_d2zle’iq;rzl_/Q’iql_zfr/z o403 73 /2—1a5 23 /2 iaf 25 /2+iay =5 /2
(2m)2 (27)2 S 1 Gey Uy Gz Aoy deg

(p1p2|T{I} T (21,21) J5 (22,0 L) YT{JY (23, 21) T3 (0)Hpipe) - (34)

Note that one transverse position integral remains, in contrast to single Drell-Yan. This integral would remain even
if one measures the transverse momenta of the lepton pairs. This can be seen from Fig. 2: the momentum r; does
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not affect the transverse momentum of the final states, is arbitrary, and so is integrated over. The remaining d?z
integral in Eq. (34) is the position space version of this r integral. It is important to note that r) is not an observable
quantity [32].

The d?z integral means that the correlation function of four currents, Eq. (34), is not local in z, . This allows
soft radiation to contribute, since soft radiation can resolve the large distance z . Soft radiation cannot resolve the
short-distance scales zljE ~ 1/Q. The soft radiation emitted by a quark field exponentiates into an eikonal (soft)
Wilson line that can be factored out [42, 43]

wé(x): naa( Ja(T) (35)

where the soft Wilson line is in the direction n of the quark and a,a’ are color indices.

There are various ways of joining the fields to the incoming particles in the matrix elements, which allow for large
+ and — components of momentum flowing into the four current vertices. For example,

d*qi1 [ d*qoy
Huuaﬁ 36
/ (27)2 / (2m)2 (36)
évs,b,ﬂyf‘,d,'yé’,fﬁg,h, /dzfdzfdz;dz;dz;dzngZLe‘iqizf/2_iqul+/2 o103 75 [2-iay 2 /2 piaf 25 /2+iay 25 /2
pl\T{@ Zl,Zi)E (22,01) }T{¢f Z37ZL)¢h( )}|p1>

X (p2|T {hp (21,21 )0a(22,0 L)} T {4 (23,2 )1, (0) } |p2)

X <0|Sn7aa/(21, z1)Sn (21, ZL)SIL’CC/(Z% 0L>Sﬁ,d’d(752; OL)S%G@/ (Z3azl)Sn,f’f(z37ZL)S%gg’ (0)Sn,n7n(0)]0)

1
= g’yg/b/’yg/d/’yé’/f/’yg,h//dQZL

x/dzfdzzdz el 21 /2 =iz 23 /2 iay /2 p1|T{¢ 21,0 z.)Y, (22,0 0, }T{?/Jf 23,0 z) )Yr(0 }|p1

- - — —igf=er —iq, z iq] z
></dz1 dzy dzg e N 1/2 pmiad 2 /2 gial 3/2 p2|T{wa 21,21 )%4(0,25,0,) }T{w 0,25 ,2. )9 }|p2

(0,0,2,)S745(0,0,21)S} . (0)Sr.ara(0)S}: ... (0,0 zl)smf,f(o,o,zl)s;7gg,(0)sn,h/h(0)\o> .

< | n,aa’

Here we once again use that zzi ~ 1/Q varies rapidly, whereas in the matrix element of p; (p2) the dependence on
z; () is slow and can be set to zero. The dependence of the soft radiation is slow in both z;” and z;  and so only
the dependence on z; remains. The last line in Eq. (36) is the soft function S (we omit a subscript gqgq since we
do not consider soft functions with gluons in this paper). The soft function has a lot of indices but also has a lot of
symmetry. When we contract indices below, only four independent soft functions will appear. We identify the dPDFs
F,, and Fyz in Eq. (36) by

dzi dzf dzi . -+ R R e
— — — — huiad et Mt B 2 — 2 2
Fo(a1 03 s21,D7 )acyn = —47p] 3Tl A /2 oy 22 /2 Gy 5/

4 Am Axw
<p1|T{7/)a 21 7OazL)w (ZQ 30 0, }T{wf z3 aO Z| ¢h } |P1 )
dzy dzg dzs ot 79 —ietas /2 iatas
FW(QT&Q?aZva;)bdeg:*47Tp3_ 47711'4773477;‘36 91 1/26 92 2/2€q1 3 /2
p2|T {wb 0 Zl 7ZJ_)¢d(O Z2 7OJ_ }T {’(/) O Z3 aZJ_ } |p2 . (37)

The factors p; and pg' are included to make the dPDFs boost invariant, indicating that each dPDF comes with a
Aqep/@Q factor in the cross-section. These dPDF's are dimension two objects and of order A%CD (including the p;
factor). The overall minus signs in Eq. (37) are due to the ordering of fermion fields. We should point out that we
do not explicitly write out the collinear Wilson lines [as in Eqgs. (27) and (28)] for the sake of brevity. Translation
invariance gives

qu(q;a q;a ZLap;)ath = qu(Q57 Q;7 _ZL7p;)cahf )
Feq(ay .45 21,07 Dvdeg = Fag(a5 , a1 » =21, D7 )dbge - (38)
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The other possible ways of connecting the fields with the states in Eq. (34) that contribute are

dzi dzf dzd . -+ = P
- - - — [ 9z dzy dz3 2 - 2 2
FQ@(Ql ydo y2Z1,P1 )(Ldfg = _47Tp1 e ' / e 2 %2 / e'h s /

4 4w 4w
pl‘T{dJ Zl ’0 zl)wd(z2 ;0,01 }T{wf 23 70 ZJ_ }|p1 )
_ _ _ fdetded def iam st o= ¥ a2t
Fﬁq(ql7q2azL7p1)bceh:*47rp1 4; 4; 4;6 q; 1/26 qs 2/26111 3 /2

(p1|T {wp(2,0,210)0,(25,0,01) } T {W.(25,0,2.)0n(0)} Ip1) ,
dz) dzf dzf
4 Am Arw
(PUT {¢a(21, 0,2 )0a(25,0,00) } T {W.(25,0,2)n(0)} [p1) ,
dzfr dzsr dzd
4 4Am Am
(1T {4 (21, 0,21)9.(257,0,0 )} T {5 (25 ,0,21)¢,(0)} |p1) - (39)

1,5 is the interference double PDF, corresponding to the contribution shown in Fig. 5. The origin of this name will
become clearer in Sec. IV D. Translation invariance leads to the relations

— — — — —1. z 2 —1 z 2 4 z 2
Igq(a1 1 a5 s 21,07 )aden = 4T py eI A2 Tl % /2 ity #5

- — _ — —iq, 27 /2 _—iq5 zo /2 _iqy 23 /2
Iqa(fh 349 ,Z]1 ,Pq )bcfg_47rp1 —e 121/ e 2 %5/ et 3/

Feq(q1 .45 21,01 Jadfg = Faq(a2 - 41 s =21, D1 )dagr »
Iaq(Qfan_aszpl_)adeh = Iqﬁ(‘]2_a Q1_7 _Zlypl_)dahe . (40)

The soft functions that correspond to these other contractions can be expressed in terms of the soft function S. For
FyFg5q and Ij4145 respectively, we have

(OIS} o (20) 55021 S 10 (0) S, ara(0)SY o (21) S (21)S] 0 (0)S7 e (0)|0) = Saarvbrggrnhrcer s preerdars
(017, aar (20) S50(21) S, e (0) S ra(O)S, s (21) S, (21) ST, 3 (0) S (0)10) = Saartvreer s prcerdarggne- (41)
Combining all these ingredients, we find that the cross section is given by
doPPS

dg? dY; dg2 dY,

20)2 B
(47’(‘0& QQ)2 i(qilqlll _ [Ll/) i(ng2 _ga6> ,Y,u ,Yoid/,yl// /"Yﬁ

3s C]% q% qg q% a’b’ Ic e’ f''lg'h
X /d2ZJ_ [qu,acthﬁ,bdegSaa’bb/cc/dd’ee’ff’gg’hh’ + Fqﬁ,adngﬁq,bcehSaa’bb’gg’hh’ee’ff’cc’dd/

1 2 _
+I§(q?adehlq(a?bcfgsaa'bb’ee’ff’cc’dd'gg’hh’ + (q < Q)] ) (42)

where the first dPDF is for the first hadron, and the second for the second hadron. This expression can be simplified
using the color and spin decompositions of the dPDFs, discussed in Sec. IV A. (This is analogous to e.g. (p1 |1, ¥s|p1) ~
dap by color invariance, which we encountered in single parton scattering.) Using the decomposition in Sec. IV A, we
find the result presented earlier,

doPrs 47TO‘2Q121 1 a2 FlLpl o pl gl L(FLE! 4 Fl Rl gl
dql dv; dq% dYQ 3N.s 2 2 Z1 [( qq qqJr AgAgq AEAq) ( qq qqJr AgAg AEAQ)}

a193
AT ((FAFD + FlngFhang) + (FSFS + FloagFin ]S
43 [+ Thgag) (Tl + Thosg) + Thasg T | 51
50 [0, 4 ) (Tl + Thosg) + sy Thysg + (L6 T)] S
#0208+ Tha ) U5y + Thyse) + Ths | ST+ 00 ) (43

The soft functions are defined below in Egs. (44)-(46) and are normalized to be 1 at tree-level (except for S7* which
vanishes at tree-level). We suppressed the arguments of the functions for brevity. The arguments of the dPDF's are the
transverse separation z; and the momentum fractions, given by equations analogous to Eq. (30). The soft functions
only depend on z;. Eq. (43) reduces to the familiar result in the literature given in Eq. (1), when spin and color
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correlations as well as the interference dPDF are ignored. A rigorous proof of factorization requires one to show that
Glauber gluons do not contribute, which we assume here.
The factorized form Eq. (43) contains soft functions from the soft Wilson lines in Eq. (35). The soft function for

the color-summed dPDF is

1
11
S = N2 5fa5hc (;be(sdg 5a’b’5c’d’5e’f’5g’h/ Sqqﬁ,aa’bb/cc/dd’ee’ff’gg’hh’
c

= 0168 (21) S (2) SE (2.1 ) S (2.0)]60]S1 (0) S (0)SL:(0) S, (0)][0) = 1, (44)

n

NZE

n

using unitarity of the soft Wilson line. The color-summed soft function S'! is trivial and receives no QCD corrections.

The soft function for the color-correlated dPDF is

2
STT —
CFNC

~ CrN,

A A BB
TfaThc Tberg 6a’b’5c’d’5e’f’5g’h’ Sqqﬁ,aa’bb’cc/dd/ee’ff’gg’hh’

(O[T 48] (21) Salz.) TP S1(21) S (2.1))tr[T 5],(0)S5(0) TP 51(0) S, (0)][0) - (45)

The color-correlated soft function is nontrivial, and has been normalized to unity at tree-level, ST7 = 1+ O(ay). The

soft functions for the interference terms are given by

SH = 73 (O1tr[ S}, (2.1) S (1) SE(0) S (0)]x[S], (2.1 ) (2.1 ) S1(0)5,(0)][0)

ST = =5 (0/tx[T48] (21 ) Sr(z1)S5(0) S, (0)]tr[T4 S}, (2.1 ) S(2.1 ) SL(0)S,, (0)]]0)
Five

Si' = n (0ltr[T S (2.1) Sa(21 ) TP S(0) S, (0)]6x[T S} (1) (2.1 )T ST(0) S, (0)][0) - (46)
FiVe

Defining

W = SL(21)S,(21)S] (0)S5(0)
Y = Sh(21)S7(21)55(0)5,,(0), (47)

and using the identity

L 5ad60b - LCSab(sccl ) (48)

AmA
Tachd = 5 2N

they can be written as

None of these soft functions are trivial. ST7, S} and
STT are normalized to 1 at tree-level. The soft function
ST connects interference dPDFs with color structures
TA ® T4 and 1 ® 1, and only starts to contributes at
order ;. The three interference soft functions are not
independent, but satisfy

Sit=51'=siT, (50)

so only two independent interference soft functions exist.

C. WW
ST = oltr[T4W TAW1]|0 49
CrN, (Ofer] 1io) (49) We now present analogous formulas for single W pro-
1 1 duction and WW production through DPS. The cross
_ T _
~ 20%N. (OferVIErDVT10) 2CrN,’ section for pp — W (including its decay) is given by
1 doW dolV
11 _ 2 o o
S = 5z ODI0), rrvaRr o alw) falw2) + falw1) fo(w2)]
2
ST = o (O] (T Y][0) dog” ma? |[ViVy|” ¢? (51)
F 10 . dg?2dY  12N.sin 0w [(¢2—m3, )2 +m3, T3] s
=GN (Oltr[V)?[0) + ooz (0tr[Y?]|0) , where my and I'yy are the mass and width of the W bo-
lF c File son. The quark flavors of the PDFs are suppressed in the
SITT _ <O|tr[TAy TAy]\O> above equation and are summed over. .T he CKM matrix
CrN. element V; depends on the flavor of the initial quarks. For
1 example, the PDFs with CKM matrix element V; =V,
— a2 Ol w(T?y]j0) and V- are ‘
N?2 41 9 1 9 do" dolV
=< o[t 0) — —— (O]t 0) . = 0 = =+ fafd).
s ORI = o OluD?0) T = Ay Undat faba+ fafs+ fafal. (52)



If the W decays hadronically, their is also a CKM matrix
element V for the final state. [For a leptonically decaying
W, one should set Vy =1 in Eq. (51).]

dg "V WDPS doy/ oV

13

The corresponding expression for WW production (in-
cluding decay of the Ws) through double parton scatter-
ing is given by

_ 2 1 1 1 1 1 1 1 1
dq1 dy; dq2 dY, dq1 dy; dq% dY, /d ZL { [(qu + FAqu) (qu + FAliAti) + (qu + FAqu) (F@ + FAQAQ)}

2N,
Cr

+ {(Il‘ + quAt?) (Iqlq + IitiAq)} S}l +

2N,

where we suppress the quark flavors in the dPDFs. Note
that in contrast to Eq. (43), the spin structure Is4s5 does
not contribute.

IV. DOUBLE PDF

In this section, we classify the allowed color and spin
structures for the dPDF. The F,;, dPDF matrix element
has the schematic form

Pl pinlp) | (54)

where the subscripts represent color and spin indices,
with similar expressions for the other dPDFs given in
Sec. IIIB. The allowed color and Lorentz structures
for these four-quark matrix elements are derived in this
section. The possibility of nontrivial color and spin
structures for unpolarized dPDFs was first discussed in
Ref. [27]. Our decomposition in Sec. IV A is essentially
the same as in Ref. [26], but the normalizations are
slightly different.

A. Classification

The qq dPDF has two possible color structures, since
the proton is a color singlet state,

Saf Ocn s Ty T - (55)

These are used to decompose the double PDF into the
color-summed and color-correlated dPDFs as

T
(qu)acfh - N2 5fa5hc C N TfaTh(' qu7
(Fﬁ)bdeg = mabe(sdgF CrN. Tbéng quf;a
(Fqﬁ)adfg = ﬁéfaédgF Cr N Tfaqu FQQ’

beéThc quz; ) (56)

1
(Faq)bceh ]\[26176(%c qq Cr N

O |+ Than) (U + Thas,) | ST

{(FT + FAqu) (FqTq + FK@A@) + (F + FAqu) (Flij; + ng_Aq)] s

Ne (1 + TEyaq) (Ihy + Thgag) + (1 )] ST

+(g e Q)} : (53)

(

and similarly for I,3 and Ig;. The double PDF with the
TA® T4 color structure can be interpreted as measuring
diparton color correlations. This is clear from decompos-
ing Fy, into the 6 (symmetric tensor) and 3 (antisym-
metric tensor) and Fyg into the 1 and 8 (adjoint) color
structures:

R = 3aFht w e
P = % 2~ ﬁﬂﬁa
£ = 3Pt 3P
®_ L —c (57)

qq _Nig qq_Nc(Nz_l) aq

There are several spin structures that can appear in
the double PDFs of unpolarized hadrons:

%af%ch ) (%’75)(“" (Tﬁ’y5)ch 3 %af (iaii’}%)ch 5
175)ar (0" 5)en s (107 45)ar(io " y5)en s  (58)

where

0 s = Y - (59)
The free indices p and v in Eq. (58) can be contracted
with z; or with each other, as shown in Eq. (61). In
SPS only the spin structure 7 contributes for unpolar-
ized hadrons. The structures 75 and i/ ™ 5 enter only
for longitudinally and transversely polarized protons, re-
spectively. They contribute to the g;(x) polarized struc-
ture function in DIS, and the transversity distribution
hi(x), respectively. In the dPDF we have two partons,
and the last two structures can appear for unpolarized
protons due to diparton spin correlations. The decom-
position of the dPDF into the various spin structures is



given by (see also Ref. [26])

1

(qu)acfh ~ 16 [VifaVLthqq + (175) ra (75 ne Fagaq
1o (10 Lt V5 ) heF g5y — (10 1u475) ralty Fgq

_(%75)}‘@ (iULu+’75)thgq5q - (iULu-&-'Vfé)fa (%75)th§ZAq
(10 Lu175) £a (10 L0175 ) he Fgsq) » (60)
with 4

F(%q MeY 21, Fusq, ngq—MQ_ 21, F5qq, (61)
FAq&] - M’ZiFAQ‘Sq ’ F&qu - MZLF&IAQ ’
" 1 1 N
Fﬁlq5q 2gJ_ F5q5q+M2< 2 = 2Zl Zlglj_ )ngéq’

where M is the proton mass. The resulting dPDFs
Fy5q etc. depend on 22 and the momentum fractions.
The numerical factors have been chosen to match with
the conventional normalization of the PDFs. Translat-
ing in the L direction by —z, followed by —z, — z,
gives the relations Fis,(21,%2,21) = —Fsqq(z2,21,21),
Fagsq(@1,22,21) = —Fsqng(x2,21,21).

To clarify the spin structures, it is helpful to write out
the double PDFs in terms of quark creation and annihi-

J

dzf‘ dz;r dz3

— —dnp-
TP 47 4m 4w

o=+
e i1 #1 /2
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lation operators. For example,

Faq ~ <p|(a1Ra1R + alLalL)(a;RaQR + a2La2L) p)
(pl(al parr P

~ <p|2(aJ{Ra1La;LazR + aJ{LalRagRazL)\m , (62)

|
a2La2L)|

FAqu ~ - CLILUQL)(CL;RUQR

Fsqsq

where we have assumed that the proton is in the n* =
(1,0,0,1) direction. Fy, measures the joint probability
to find two partons in the proton, Faga, measures the
correlation between the longitudinal polarization of two
partons in the proton, and Fsqs, measures the correlation
between the transverse polarization of two partons in the
proton. Fj,5, does not enter the leading-order factoriza-
tion formula Eq. (9), but can contribute at higher order
in as.

B. Definitions

Starting from the dPDFs with uncontracted indices in
Egs. (36) and (39), we now apply the spin and color de-
compositions of Sec. IV A. This leads to a large number
of dPDFs, most of which contribute to the cross section
in Eq. (43). We show a small sample of these for illus-
trative purposes below:

c— g o=
ez %3 /2 el91 %3 /2

o 7
<p1|T{[ B 0,20)5 | [B6,0,00F] b T {Yal=,0.22)60(0)} Ipa)
- +
Fh(h 27ZL) _ ppr [T A et it a2
a Py DI 47 4w 4w

T {[1.0.2057%] 0,00 7 {uutet 0,20 50574 binn

dz dzf dzf

Y -
F; 7<7 o ) =
AaAg pf’p”ZJ' TP A 4w 4w

=t
el 21 /2

.- + .- +
e 3 % /2 el 73 /2

T { [6.020 5] n(eF.0.000} 7 {050 [60) 5], i)

dzfr dzéIr dz3

Y -
I@(— 42 ):4
_,p_,z P ] T4 Tam 4r

(m|T {zpb(zf, 0,2,) [@(z;, 0, OL)iTA] } T {zpa(z;, 0,2, [@(0)%}

dzfr dzgr dza

=
e~ /2

P + . — +
e~z 22 /2 ¢'91 %3 /2

7

A]b} p1)

4 49 _ — —iqr 2t )2 —iqy 2} /2 iqr 23 /2
1, 7<—,—z)—4 —=e " A1 /2 g7 M2 F2 /2 ot 23
ba%q Py DI TP 4 Am Arw
ot gt
T + + =
T e, 0,20 [9:5,0,0.) 7] YL (e, 0,20 [3(0) 755 Vi) - (63)
* Our sign convention for ¢, follows from ¢ = —e#*Fnamg /2 €1. We also use gl! = g2 = —1, so raising or lowering L indices

and €p123 = +1. For n* = (1,0,0,1) and 7* =
have elf =

(17 Oa 07 _1)7 we

+1. Note that interchanging n and 7 flips the sign of

glves a minus Slgl’l



We have written the arguments as ¢; /p; and ¢35 ,p;,
since by boost invariance the dPDF's can only depend on
these combinations. In addition to the color and spin
structures, we also have different quark flavors, which
have been suppressed. For example, one can have dPDFs
Fuu, Fud, Faund, etc. Taking moments of the dPDF with
respect to the momentum fractions x; = ¢; /pj turns the
dPDF into the matrix element of a bilocal operator.

15

C. Discrete symmetries

In this section we study the properties of the double
PDFs under discrete symmetries, for which it will be con-
venient to use the dPDFs with uncontracted indices. We

start by considering the complex conjugate of the double
PDF:

dz1 dzyf dz‘3
4r Am An
X (p|T {00y In[0 (23,0, 217"
dz dzf dzf
Am 4w 4w
X <p1 |T { [@(va Oa ZJ-),YO]f[@(Z;rv 07 OL)’VO]h} T {[,yow(z(;r’ 0; ZL)]G[’YO'IZJ(O)]C} |p1>

The last line was obtained by interchanging z; <+ 23 and using momentum conservation to change the field in which
the 23 coordinate appears. From

Y@ =7, @) =T, A s) Ty

it follows that spin and color structures are unaffected. We thus conclude that Fy, is real. This is true for the other
double PDFs, except for I, and I,z which satisfy

_ _ _ -+ o= ot ig— ot
Foglar 42,21, p1 ):cfh = —4mp, el /2 el 72 /2 gm0 55 /2

T {0 (25, 0,00)]e[Y (2, 0,21 )]0 } |p1)

_ B P o S P s
2—47Tp1 el 21 /26 igy 22/261111 z3 /2

=7y, (T =174, (65)

Ige(ay a5 20,07 )" = Igg(qy 243 ,2L,p1 ) - (66)

Thus the individual interference double PDF's are not necessarily real, but their contribution to the cross section is.
This is not surprising, given their interpretation in the context of a quark model in Sec. IV D.
Under parity

dzf’ dz;' d23
47 4w 4w

(0, 21 ,—Z1 )Y

Foglay 145 20,07 ) o = —4mpy eI A /2 om0 25 /2 plar 2 /2 (67)

x (p1 [T {[0( *alt(0, 237,00)7°]e } T {[y°(0

Using equations analogous to Eq. (65), we find that the spin and color structures are unchanged (with @ + n),
yielding Fyq for a proton in the 7 direction with z; — —z, . This is not particularly useful, since the double PDF for
a proton in the n and 7 direction are already related by a rotation.

Under charge conjugation

25, —2.0)] [V ()} Ipf)

dzfr dz;r dz3

1,42 1 - —igy 2} —igs 2t ig” 2T
qu/P(‘h y42 yZ1,Pq )fcfh:—zmpl i 4 e~ lar 21 /2 o—iay 23 /2 Giay 25 /2
% BT {00 0.2 10, 0,000} T 0.2 IF (071 )
= Fﬁ/ﬁ(Qfa 45 s21,P1 ) fhac - (68)

relating the double PDF for the proton and the antiproton. Using equations analogous to Eq. (65), we find that the spin

and color structures are almost unchanged: For each Ag +» Ag the overall sign flips. For example, F' Aq Ag/P = =F7T AgAg/P
and FT Agsq/P = qu 53/ This is because Ag and Ag are defined in terms of chirality rather than helicity. For massless

particles, chirality is the same as helicity, whereas for anti-particles they are opposite.
[

D. Interpretation are written in terms of light-cone wave functions of the
colliding hadrons [44]. As a warm up we start with the

We will now provide an interpretation of the double single PDF in Eq. (27). Since it is boost invariant, we

PDF using a nonrelativistic quark model. Alternatively,
the interpretation of dPDFs becomes clearer when they
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can work in a frame where p is at rest, The matrix element is
Sr.s0r o (2m)26C) (K — k) (27)303) (K — 1) (27)353) (k — 1)
2E) ’
p) = /2E, 2/ 3¢q (k, 5) [k, 5) @ |p — k) . (69) (72)
leading to
Here |k, s) is a quark with momentum k and spin/color j =2E / _lz+qi/2/ (k )|2 iz k™ /2
s, and |p — k) represents everything else that makes up (2m)?
the total momentum of the proton. We have switched Z (k, s )75 (k, 5)
to a nonrelativistic normalization for the states. The 2Ek

normalization of the wave function ¢, is given by o°
=3 [ X oo (C 5. @
—J (2m)2 T p~ p /)

=1. (70) This gives the single PDF its probabilistic interpretation.
It is the probability to find a parton in the proton for a
given value of z = ¢~ /p~.

We will now show that a similar probabilistic interpre-
tation is possible for the double PDF. Boost invariance
allows us to go to the rest frame again, where we write
the wave function for two quarks in a proton as

q7 dZ —iztg~ 2E dgk d k
fq(z?) =2E, [ —e q /2 \/ Z/ 1 2¢qq(k1751,k2782)

Z/ ~[6(k

Writing the fields in the PDF in terms of creation and
annihilation operators,

3

31/
Z/ Z/ d k3 bq(K's 8")" X |k1,81,k2,52,p_k1 —k2> ) (74)

We are assuming a single quark flavor for simplicity, and

d31 S /2 accordingly included an overall factor of 1/2 in the above
equation. The normalization of the wave function ¢4 is
1 d3k d k
(027 a’l r — 1 2 k k = 1 75
<. @ K| S s op - k) Z/ mpltnlkLs ke ) = 1. (75)
V2E \/2F
xu(l, r’)%iu(l, ). (71)  Following the same steps as for the single PDF, we find

J

d3k d‘jk 1 1 * 1 1
F .Il,IQ,rL Z / 1 — d)qq(kl"' 2rL751;k2_ irL752) ¢qq(k1_§rLasl;k2+§rL382)
81,82
<31 — k;/ﬂa(zg k). (76)

We see that r corresponds to a transfer of transverse momentum between the two double PDFs (see Fig. 2). In
this form the double PDF does not have a probabilistic interpretation. However, if we first switch to a wave function
that depends on k£~ and k, (in which we absorb the Jacobian) and then Fourier transform to position space for all
transverse variables, the dPDF does have a probabilistic interpretation,

dk; d2k dk; d2k 1 1 *
Fl (71, 22,21 ) = 1 L 2L Oqq\ k1 k1L + -r1, 815k kot — -1y, 80
(2n)? 2 2

_ 1 _ 1 o .,
X¢qq<k1 »klj__§I'J_751§k27k2J_+§rJ_732)5(x1_k [P )o(x2 —ky /D7)

B (47'('2 Z /d2yj'

81,82

51,52

2
¢qq($1p YL +2Z1,51;5%2p YJ_752>‘~ (77)




Likewise, for the other double PDFs we find
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d3k d k 1 1 * 1 1
Fl 7(T1,22,71) = Z / 1 = ¢qq(k1 + I‘J_asl,kz 21‘1_782) ¢>qq(k1 - 511,81;1(2 + 511,82)
81,82
x6(z1 — kf/p‘) (x2—ky'/p7),
d3k d3k 1 1 * 1
I(z1, 20,71 ) = Z / 1 2 qa(k2 - §I‘L752;k1 + iergl) ¢q§(k1 — 5T s1; ko + 511,82)

S$1,52

X5(I1 —

By swapping the momenta, we can write Iy as ¢z, ¢4z,
which makes it clear why it is called the interference dou-
ble PDF. The interpretation of the various spin and color
correlations was given in Egs. (57) and (62).

V. RENORMALIZATION GROUP EVOLUTION

In this section, we compute the renormalization group
evolution of the dPDFs and soft functions using a re-
cently introduced rapidity regulator [36, 37].

A. Rapidity RGE

In the calculation of the RG evolution of the dPDF's
and soft functions, we will encounter so-called rapidity
divergences. These arise because the collinear degrees of
freedom (the dPDFs) and soft degrees of freedom (soft
functions) are only separated in rapidity and not in in-
variant mass. Typically, rapidity divergences arise in in-
tegrals such as

/Q dk~ /P dk~ +/Q dk~
R, ko ko k), k

< dk~ Q Kk~
— kLk—F/o = (79)

In the factorized cross section this integral gets split into
a contribution from the soft and from the collinear re-
gion, as shown on the first line. On the second line we
systematically expand in the power counting, where in
the soft region p — oo and in the collinear region p — 0.
Both the soft and collinear contributions have a rapid-
ity divergence. Rapidity divergences only appear when
one factorizes the cross section, and must cancel between
the collinear and soft contributions. These divergences
need to be regulated and the corresponding series of large
(single) logarithms of k; /@ in the cross section need
to be resummed for a reliable prediction. We achieve
this using the recently developed rapidity renormaliza-
tion group [36, 37], which was introduced in the frame-
work of soft-collinear effective theory (SCET) [43, 45-47].

We emphasize that QCD and SCET are equivalent
ways of describing double parton scattering and we have
purposefully kept our discussion as general as possible.

kf/p’)ts(a?z —ky /p7).

(78)

(

There are a lot of similarities between either approach:
For example, the graphs in this section may be calculated
using QCD or SCET Feynman rules, since each collinear
sector in SCET is essentially a boosted copy of QCD.
The two approaches can differ in that terms are moved
between the collinear, soft, and hard contributions, even
though the total is the same, which is essentially a scheme
dependence. One difference, compared to the rapidity
regulator of Ref. [36, 37], is that in the usual CSS formal-
ism [48] the rapidity divergences do not cancel between
the soft and collinear contributions and thus appear in
the hard subprocess as well (see the discussion in Section
5.8 of Ref. [37]).

Note that factorization already splits momentum inte-
grals by invariant mass,

Q qik P A4k Q g4k
N /p s

d4k Q q4k
= / . )
0

where A is an infrared scale of order Aqcp. One may
think of the first and second term as (roughly) corre-
sponding to the PDF and the partonic cross section. In
dimensional regularization the ultraviolet divergence of
the first term cancels the IR divergence of the second
term. The ultraviolet divergence leads to an anomalous
dimension (for the PDF this would yield the usual split-
ting functions), which can then be used to sum the large
logarithms of @/A. The problem with rapidity diver-
gences is that they are not regulated by dimensional reg-
ularization.

The rapidity renormalization group modifies the
collinear Wilson lines [see Eq. (28)] and the soft Wilson

S
o

Q1

Q>
Q>
Q¥

A /

FIG. 14. Real and virtual contributions to the PDF evolution.
The Wilson line is denoted by a double line.



lines,

2,m
qw= v _
qw /2 N
S, =1 AT (0)+.... (81)

o+ (2103027

Here 7 is the rapidity regulator, v a new renormalization
scale and w a bookkeeping parameter. The proper ex-
tension of Eq. (81) beyond one-loop, where you can have
multiple emissions, is discussed in Refs. [36, 37]. Ra-
pidity divergences arise as 1/n poles in calculations and
will lead to a v-anomalous dimension, in complete anal-
ogy to 1/e poles and the p anomalous dimension. The
parameter w plays a role in deriving the v-anomalous di-
mensions analogous to the running coupling a, for the
p-anomalous dimensions,

doy
"

dw

v

n

2

2¢ a5 + O(€°), w+ On°).(82)

J

dk
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In contrast to ag, the running of w does not have a fi-
nite term and at the end of the calculation one takes
w = 1. The rapidity logarithms will be summed using
the v-RGE [36, 37]. One advantage of the rapidity reg-
ulator is that the zero-bin subtraction [49] vanishes for
our calculation.

We will illustrate the use of the rapidity regulator by
calculating two diagrams that arise for the single PDF.
The PDF has no rapidity divergences, so the rapidity di-
vergences cancel when you add these diagrams. However,
these same diagrams appear with different color factors
for the color-correlated dPDF. In that case the rapidity
divergences will no longer cancel. We start by consider-
ing the left graph in Fig. 14. Summing over the external
polarization and introducing a gluon mass M to regulate
the IR divergences,

27BN € 1 - —k —gw’n "TAﬁi(]ﬁ—%)
noe 2 2 p gwnev : A
I:—( ——26k—M6<— t[ r PT}
14 Am ) pr/(%) mo( Jo(a )r )i 2ok
B gszCF (HQE’YE>E<L)77 T /dd—2kL 1
L 4 p=/ (1—az)+n | (27)4-2 k2 + 2m?
2 2 ¢ 1—e
- 2 (5) (2) i
27 m p~/ (1 —x)tn
asw?Cr 1 pine 1. v 1 =z
=" |--T 5”(—) — -1 —}51— -+ 0> b 83
[ ar@ens (Bg) - T o0 -2 + S+ 0l (53)
[
To obtain the expanded expression on the last line, we from this diagram to the anomalous dimension is
used the distribution identity 4z 0.C - y
1A sUF
=— = —60(1l—2)ln—
man =gt = [y ot
dz sC 2
iay = oA TR B sy, (85)
_ —Z5(1—2) + 1 (84) ' dv 2 M?
(1 —a)ttn (I-2)+

[The definition of the (standard) plus distribution was
given in Eq. (12).]

Absorbing the divergences on the last line of Eq. (83)
into the renormalization factor Z;,, the contribution

J

Here we used Eq. (82), illustrating the role of w. Graph
1A also has a mirror image and thus contributes with a
combinatorial weight of 2.

Note that the anomalous dimension contains an ex-
plicit dependence on p~, indicating the breaking of boost
invariance. This is required, since any rapidity regulator
must break boost invariance [see e.g. Eq. (79)]. Of course
the cross section is still boost invariance.

The second graph in Fig. 14 is

2,78 € 1 Ak gw?n 1 TA i(p— ) —i
ue g P : A
I = -_— 1 - - pT
1B ( i ) e d( 95)/(2@ tr{Q k)1 (p— k)2 197 P] k2 — M2
2¢7E \ € Ak p —k”
= %ig?w?Cp 6(1 — z) (L5 ”/
ig"w Cr &( ”“")( 4rr ) Y] @) )Tk —p )kt — K2 +i0)[k kT — K2 — M2+ i0]
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2w2C 2678 \ € P dk™ pm —k— [ d9 2k 1
:_w(g(l_x)(“e )1/7/ p / L
4 0

= . b | G R e
- e () () [
_ % 5(1 — ) T ()™ (]’”;2)7’(1177) Z%)n

In the second step we performed the k% integral by con-
tours. This leads to 0 < k=~ < p~, since the poles are
otherwise on the same side of the real axis. We then
subsequently perform the k; and k~ integrals, and ex-
pand in 1 and €. The contribution of this diagram to the
anomalous dimension is given by

_ OZSCF v
MB,u = - (lnF—I—l)d(l—x)
_ OQSC(F /’[’2
Y1Byw = o n M2 6(1 —x) (87)

This graph also has a mirror image and so has a combina-
torial weight of 2. As we anticipated, v14,, +71B,, = 0.
However, this will no longer be true for color-correlated
and interference double PDFs. In those cases, we get
essentially the same graphs as discussed here. The first
graph still has color factor C'4, but the second graph has
a different color factor, e.g. Cp — C4/2 for the color-
correlated dPDF. The v anomalous dimension no longer
vanishes for the dPDF, but cancels against the v anoma-
lous dimension of the soft function.

B. Double PDF

In the previous section we gave a brief introduction
to rapidity regulator and illustrated its use for two ex-
plicit examples. Here we simply tabulate our results for
the various diagrams. The diagrams involving a single
quark line are shown in table I, with separate columns
listing the color factors for the 1 ® 1 and T4 @ T color
structures. Since no transverse momentum can be trans-
ferred these graphs are all proportional to 6(2) (rp). The
diagrams connecting both quark lines are shown in ta-
ble II. In principle these diagrams allow for mixing be-
tween color structures, but this cancels in the sum over
diagrams. Here we used the color factors Cy and C1,

N2 -1
4NZ2

N? -4
Cd: N )

Cr = (88)

and the standard plus distribution defined in Eq. (12).
Adding up these diagrams, we obtain the anomalous

(

dimensions of the dPDFs. The corresponding RGE is

d dy; d
;Ld—F(:m,xz,Il) = /ﬂﬂd%ﬁ_’m(ﬂyﬂ,ll—kj_)
ol Y1 Y2 Y1 Y2

XF(y17y27kl)7
d dy; d
v—F(x1,29,r,) = /ﬂﬂkoL%(ﬂ, ﬂ,rlka)
dv Y1 Y2 Y1 Y2
XF(y17y2akL)7 (89)

where we have chosen not to put any factors of 27 in the
convolution integral. It is convenient to write our one-
loop results for the dPDF anomalous dimensions using
A, defined by

Q

Y@, z2,r1) = s (1) @ (r)) [Au(x1)0(1 — 22)
— a1 )u(x2)]

1
") A (r1)8(1—21)8(1—a2) . (90)

%(l’l,l’z,rl) =

For the color-summed dPDF F!, the total anomalous
dimensions are

Ll 2x 3
i (#) = Cr [y + (1= )¢+ 5001 - 7))
= CFqu(m) )
A (1) =0. (91)

which is the usual evolution for each of the individual
quarks. It is understood that the splitting function is
modified, depending on the spin structure. The splitting
function for the longitudinal polarization is the same as
for the unpolarized case, Pagaq(x) = Pye(x). For the
transverse polarized case, Psqsq(2) = Pyq(x) — (1 — ).
For mixed spin structures such as Fys,(z1,22,r1), the
P,, splitting function is used for z; and the Psys, spitting
function is used for xs.
For the color-correlated dPDF we then find

5w = (Cr - 40 ) Puto

v 3
+C’A(lnp—_—|—1)5(1—x),
_CA 1 1

TR, %2
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Graph 11| TAeTA A A Wt.
2
IA S Cr |Cr = 3Ca| g — (1 —2)In 2 | =6 (L) In £y | 2
S
® ®
IB é% Cr Cr (In +1)6(1—2) | 6@ (r)nLy | 2
ee 7%
\e‘ 4
® i
I CF CF—%CA (1—&0)( 0 1
®
£ 001
)
W 5%, Cr | Cr 151 - x) 0 1

TABLE I. Double PDF renormalization from diagrams involving a single quark line. The columns show the graph, the color
factors for the 1®1 and TA®T color structures, the p and v anomalous dimension and the weight factor for each contribution.
Only Graph IT depends on the spin structure through ¢, where ¢ =1 for ¢,q, Ag, Ag and ¢ = 0 for dq, 6G.

Graph 1®1 T4 T4 o Fu Wt.
2
i 0(1®1)|3(Ca+CaA)T*RT*| 0 —%H—zm—ém(m_)ln L] 2
1A (\5 T4 T4 Ci11®1
Té(\ @
2
0(1®1) |+(Ca—CAT*RT*| 0 e (rﬁ_/luz +6®(r)In£; | 2
(<)
IB’ T4 T4 Ci1®1
g | o
% 7

TABLE II. Double PDF renormalization from diagrams involving both quark lines. The columns show the graph, the color
factors for the 1 ® 1 and T% @ T color structures, the y and v anomalous dimension and the weight factor. The graphs do
not depend on spin. The diagrams are not diagonal in color, and the anomalous dimensions are weighted by the sum of both

color factors for a given graph.



Note that the gluon mass M drops out in the sum over
diagrams and does not appear in the anomalous dimen-
sions, as it should. A simple cross-check on these results
is provided by

dy,  dw
Y R (93)

which can be verified using

d 1 1

3 /u)

—— = -25(r?) =
Md,u,uQ( ( J_)

—2m6@(r).  (94)

From the anomalous dimension in Eq. (92) we read off
that the natural scales to evaluate F'T are p ~ |r | ~
Aqep and v ~ p~ ~ Q. By evaluating FT at this scale
and running it to some common scale (u,v) for all the
functions in the factorization theorem, the large loga-
rithms are summed.

C. Soft Function

We now calculate the anomalous dimension of the soft
function ST7 in momentum space. We remind the reader
that the soft function S! = 1 and so does not receive any
QCD corrections.

The one-loop contribution from gluon exchange be-
tween Wilson lines at the same position, e.g. S%(O) and
Sn(0), is the left graph shown in Fig. 15 and is given by

E 2\ € d
_ 2. 2 2¢(2) e n d%
Isq 2(27)%ig*w*é (I'J_)< p ) v /(27r)d
) 2897
(—k— +10)(k? — M? +10)(—k* +10)

2 2
_ W o 1a5(2) L empa (AN L L
- — (2m)%4 (rl){ 776 F(e)(M2> + 52
1 2
o+ 0(77060)} , (95)

where we left out the color factor. We calculated this loop
integral by first performing the £° integral by contours,
followed by the k3 integral and the standard k| integral.
We have checked that the result is independent of the i0-
prescription of the soft Wilson lines (the difference is a
scaleless integral), implying that the result for this graph
is the same for incoming quarks or outgoing anti-quarks,
and vice versa.

The exchange between Wilson lines at different posi-
tions, e.g. S%(ZJ_) and S, (0), is the right graph shown in
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Fig. 15 and is given by

o o (€TEpPN\ d’k
—2(27)%ig*w ( p ) Vn/(?w)d

|2k7] "
— M? +10)(—k* +10)

6P (ky —r))

Igo =

Tk 1 10)(k2
QW

_ 2 74wl¥+(9(770 )
nr3 + M? ’

T

awZ{ 1[ 1 1 w2

= ldr— ———— +In— (27)%6P(r }
U i e

+0O(1°, 60)} ) (96)

The calculation is very similar, except that this time the
k, integral is performed using the delta function. In the
last step we take the limit M? — 0 to isolate the IR
divergences.

The RG equations for the soft function are given by

dS(I‘J_)

du
dS I‘L

= /koL’}f(kL)S(rL 7kL),

/ @k, S (k)S(ry —ky).  (97)

For ST the color factors for graphs S1 and S2 are

2
x 4tr[TATC[TC, TP tr[TATP] = 2Ca, (98)
CrN,
2
N 4tr[TATCT B tr[TATC, TP = —2C4,
leading to the anomalous dimensions
TT 20[‘,» C u
T ) = 22U I s,
STT 2as(,u)CA 1 1
v, (r1) = — 99
W= wwny, @

Note that the IR divergences again cancel in the sum
of the diagrams. From Eq. (99) we conclude that the
natural scales for evaluating the soft function are v ~
p~|ri| ~ Aqgep. An important cross check is provided
by

2 ) 81— @)L —w) =0, (100)
since the rapidity divergences should cancel between the
collinear and soft sectors.

D. Rapidity Resummation

We now turn to solving the v-RGE. For definiteness we
discuss this for the color-correlated soft function, whose
RGE and anomalous dimension are given in Egs. (97)
and (99). This is most easily solved in Fourier space,
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FIG. 15. One-loop soft function diagrams. Only the Wilson
lines with gluons attached are shown.

where the convolution becomes a product. The anoma-
lous dimension in position space is given by

STT

. TT
25 (@) = / dry emem S (r )

205C ; 1 1
= 0452 A /dQI‘L eu‘J"zJ' 5792 7 2y
@ p (/)

200,C 4 | zﬁ_,uQeQ’YE
— n

101
! . (101)

where there is no 1/(27)? in the Fourier transform since
there is none in Eq. (97). It is now straightforward to
solve the RGE, since it is local in z_ ,

dSTT
Y % =7 (@5 (e),  (102)
v
yielding the evolution kernel
22,295 \ —w
UIJSTT(Zlayvyo): (%) ’
2a5(p)C
wo 20sUCA Vo o)

m 1%

Transforming back to momentum space, we find

STT(r,,v) = /koL US"™" (ki,v,10)S™T(r1 — k1, 10),

we 2EY (1 — w) 1

USTT(k )_
T T T w) g (k)

v

.(104)

This solution is only valid for w < %, though it can be
analytically continued for w < 1. The singularity for
w — 1 has been observed before in transverse momentum
resummation for Drell-Yan like processes [50]. The prob-
lem is that Eq. (103) develops a singularity at z; = 0.
This UV region should not contribute and in Ref. [51] it
was essentially cut off. We resolve this issue through our
choice of renormalization scale: Rather than vy ~ |rg]|,
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we choose vy = 2~ 7Z /|z, |. This scale choice leads to

2 VE
U;?TT (ZL’U,L) :exp{_w([/?_‘_ngnZ)} ,
Q w

2|
P atlai
1

Its Fourier transform is given by

(105)

2¢ VE
ST (¢} 1) = / dklUfTT(kL,y,ie ) (106)
|z |
2¢VE
T .
xS (I‘J_ kJ_, |ZL‘ ),
STT 2e B _ i 2
US (v =) = 2 fd ol i)

X exp [— 7045(/;)0,4 <L2+2L In %)] ,

2e VE . Qe VE
STT(I'l, € ) _ /dZZL e irLzL STT(ZL,L>.
2| |z

The argument 2e 72 /|z | is kept in momentum space
evolution kernel and soft function as a reminder of our
original scale choice for vy, though z, is of course no
longer a variable, since it has been integrated over. In
the integral for U;?TT in Eq. (106), only the region where
|z | ~ 1/~ 1/|r | contributes. We emphasize that the
scale choice for vy cancels between the evolution and the
soft function up to the order in « that one is working
at. Our choice for 1y rearranges the resummed pertur-
bation theory, which is required to make the evolution in
Eq. (104) well behaved.

Our solution is similar to the one proposed in Ref. [52].
There an analytic expression for the leading (1 —w) piece
of UfTT in Eq. (106) was also obtained, using Borel re-
summation.

E. Interference Double PDF

In Sec. V B we calculated the anomalous dimension for
the regular dPDF, which we repeat here for the interfer-
ence dPDF. The results are shown in table III. Graph
IT contains a matrix in spin space,

1 =100 0 000
-1 1 0{0 0 000
0 0 2{0 0 00|0
¥ = 0 0 0]1 OZQO (107)
0 0 0[O0 1 0¢%|0
0 0 0|—:2 0 10]|0
0 0 0[{0 —01|0
0 0 0[O0 0 00|0

where the rows and columns correspond to the spin struc-
tures Iqq» IAqu7 I5q6q7 Iq§q7 Iéqq7 IAq6q7 I(Squ, and nggq'

Summing up these diagrams, we find that the anoma-
lous dimension is given by
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Graph Singlet Octet Yu Y Wt.
0(1@1) [F(Ca—CaT*@T*| g2 —d(1-a)ln L | -8 (r)infy | 2
® ®
IA Q% T4 T4 ~C11®1
A
® &
3 S dcron
A S Cr Cr—1Ca 0 SR
666 T —6@(r,)In e
i ®
2
IB é o Cr Cr (In = +1)6(1 — ) 6% (ro)In £5 2
=)
7
11 1
TE 2 2 a2,
0(1®1) |1(Ca+C)TA 0 T4 0 KOS g
2
5 ® —6@(r,)In e
IB' S TA QT4 Ci1®1
K@@ ()
\6 2
II 0(1®1) |2(Ca-Ca)T* 0T l1-2)Xx 0 1
® ®
- —-C11®1
® ®
£ 00040 Y
30
W S0 Cr Cr 151 — x) 0 —1

TABLE III. Diagrams for the interference dPDF. The columns show the graph, the color factors for the 1 ® 1 and T4 @ T
color structures (which mix), the g and v anomalous dimension and the weight factor. The only spin dependence is in the
matrix X, given in Eq. (107).

2 — L § —x CF 0 IIL - _27‘%_1 -z 0 !

5l (z) = [zlnp_ + 2} s(1 )(O CF> +[21 00— - - - 50 )X <01 1(Cd—CA>> :
Gl 21 1 (ce 1
qu( L) 7_[_/1/2 (I'f_/,lﬂ)-y <Cl CF + i(Cd . CA)) ) (108)

(

as a matrix in color space {1®1, TA®TA}. Repeating the analysis around Eq. (14) and noting that for N, > 2 the



matrix multiplying In(v/p; ) has positive eigenvalues, we
infer that all the interference contributions are Sudakov
suppressed.

F. Interference Soft Function

In this section we calculate the renormalization of the
interference soft functions. The graphs are the same as in
Sec. V C, but the color structures are different. We find
that the the anomalous dimensions of the interference
soft function are

s ag(p), p? 2) 6Cr —2CF
ey = 2 W B ,
’Y'u (rL) s " v?2 (I'l) 2CF 1OCF - 4CA |

di i (Il IT) Sll
KD Ca(S™ — 87Ty 284 gTT

CA(Sll _ STT)
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as(p) 11 6CF —2CF
w2 2 (rf_//,LQ)Jr 20 10Cp —4C4 )~
(109)

Yo (ry) =

We will now verify the correctness of this result by
checking that the interference contribution to the cross
section is v independent. Ignoring irrelevant factors,

")

Sl CA(Sll _ STT) Cr 1 7!
2x(=2) (1t 17
x2x( )(I g ) (OA(S” - 5Ty 28a g7 C1 Cr+ 3(Ca—Ca)) \IT

6CpSH —20pSTT

+ (Il IT) 11 TT c 11 TT
CA[ACFS™ + (4C4 —1205)STT] 28412CpS™ + (10CF — 4C4)S™7]

using the anomalous dimensions for the interference
dPDFs and soft functions in Eqgs. (108) and (110). This
provides a cross-check of our results.

G. One-Loop Soft Function

We now give expressions for the perturbative one-loop
soft functions, which are valid for r} > A% p. From the
finite terms in Egs. (95) and (96), we find

2 2
S(r) = 2m)2@(ry) - a‘sc{”[lnré/ =]
s ri n2

2

+— (2m)%6®@ (r)} ) (111)
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The [ ],2 distribution is defined so that the integral from
0 to p? vanishes. In terms of standard plus distributions,

1 Inp?/v?

[mhz _ HML syt

- (112)
r? p2 b xd /p?

The color factor C for the soft functions in this paper is

STT : QCA,
S}l : 4CF,

STT . 120 —4C4 . (113)

The soft function S¥! =
one loop order.

1 — STT and only starts at

CA[4CFSH + (4C4 — 1QCF)STT] ) (Il

1T> =0, (110)

(

VI. CONCLUSIONS

In this paper we studied double parton scattering from
the point of view of QCD factorization and renormaliza-
tion. We presented a detailed derivation of the cross sec-
tion for double Drell-Yan production in terms of double
PDFs. Spin and color correlations, as well as interference
effects, lead to a large number of different contributions.
In the color-correlated and interference terms, the effects
of soft radiation are nontrivial, and are given by soft func-
tions in the factorization formula. We also derived the
QCD evolution of the dPDFs and soft functions, treat-
ing both the ultraviolet and rapidity divergences. The
solution of these equations shows that color-correlated
and interference contributions are Sudakov suppressed,
and thus small for double parton scattering at high en-
ergies. We also discussed several basic properties of dou-
ble PDFs, such as their classification, properties under
discrete symmetries and interpretation. In a forthcom-
ing publication [32], we will discuss the mixing of single
PDFs into double PDF's and the related issue of double
counting between single and double parton scattering.
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